1. INTRODUCTION
===============

Chromosomal microdeletions and microduplications (genomic rearrangements) are commonly associated with intellectual disability (ID) and related disorders. During the last decade, brain disorders caused by genomic rearrangements have been a major focus of genome research. Nonetheless, numerous rare genomic rearrangements remain undescribed and require, thereby, thorough multidisciplinary evaluations to succeed in providing adequate health care and development of compensatory strategies \[[@r1]-[@r4]\]. The latter requires applications of neuropsychological and psychological methods in addition to clinical data, molecular cytogenetic and genome/epigenome analyses \[[@r5], [@r6]\]. However, multidisciplinary approaches using genomic and (neuro)psychological techniques are occasionally used for these purposes hindering the generation of an integrated view of molecular, cellular, physiological and psychological contributions to genomic disorders.

Here, a duplication of chromosome 4 at 4q21.2q21.3 is described. In the available literature, similar duplications have not been previously reported. Using molecular cytogenetic (high-resolution array comparative genomic hybridization or CGH) and an *in silico* genomic/epigenomic approach (gene expression meta-analysis) \[[@r7]-[@r10]\] along with neuropsychological and psychological techniques, we were able to perform a comprehensive evaluation of the index case, which has provided prioritization of candidate genes for each phenotypic feature and identification of probable molecular pathways associated with brain dysfunction (ID).

In a case with ID and congenital malformations, we applied CGH followed by a bioinformatic (*in silico*) molecular cytogenetic analysis \[[@r8]\]. Psychological and neuropsychological evaluation was completed using a modified A.R. Luria method, CARS (Childhood Autism Rating Scale), Wechsler Intelligence Scale for Children (WISC) and Raven\'s Colored Progressive Matrices.

The proposita, an 8-year-old girl, was the first child of non-consanguineous healthy parents with unremarkable family history. Parental age of conception was 24 for both parents. The pregnancy became complicated by pyelonephritis during the first month. Mother suffered from bradycardia during the pregnancy. There was a healthy male sibling. The girl was born *via* normal spontaneous vaginal delivery. Birth weight was 2.6 kg (3^rd^ centile); birth length was 48 cm (10-25^th^ centile). She was diagnosed with adrenogenital syndrome, hypoxic-ischemic encephalopathy and hypoxia. At the time of examination, she presented with intellectual disability, developmental delay, cognitive deficits, speech difficulties, memory and attention problems. Her medical history was notable for a congenital heart defect (ventricular septal defect, atrial septal defect) and poor sucking reflex. Electroencephalographic examination demonstrated changes in the occipital lobe of the left hemisphere. MRI did not show significant changes. Additionally, she displayed ocular hypertelorism, epicanthus, brachycephaly with frontal bossing, short philtrum and dentinogenesis imperfecta. Cytogenetic analysis revealed 46,XХ,15cenh+ karyotype. Molecular cytogenetic evaluation revealed a duplication of chromosome 4 at 4q21.2-q21.3. The size of the duplication was approximately 9.5 Mb. Gene expression meta-analysis of the duplicated locus of chromosome 4 using genomic and epigenetic databases (for more details about gene prioritization using gene expression profiles see \[[@r8], [@r11], [@r12]\]) was applied. The genomic locus contains 125 genes, 53 of which are listed in OMIM (Online Mendelian Inheritance in Men), *i.e.* associated with known monogenic diseases and/or molecular functions. Expression of *SPARCL1* was significantly higher in brain areas (mostly prefrontal cortex). The protein encoded by this gene regulates cell division and synaptogenesis \[[@r13]\]. According to gene-expression meta-analysis (Fig. **[1](#F1){ref-type="fig"}**, Table **[1](#T1){ref-type="table"}**), additional genes were prioritized: *ENOPH1* (hypothalamus, amygdala, parietal lobes of the brain and fetal brain), *AFF1* (prefrontal cortex), *DSPP* (heart), *SPP1* (amygdala, prefrontal cortex, spinal cord, hypothalamus, placenta and temporal lobe, dentine). *ENOPH1* is involved in the metabolism of methionine and cysteine, *AFF1* regulates the development of the central nervous system \[[@r14]\], *DSPP* encodes two principal proteins of the dentin extracellular matrix of the tooth \[[@r15]\], *SPP1* is involved in bone remodeling \[[@r16]\]. Bioinformatic analysis, therefore, have suggested the ID in this duplication as resulted from duplications of *SPARCL1* and *AFF1* genes. Additional phenotypic features are likely to be associated with increasing the copy number of remaining prioritized genes.

Patient's intellectual abilities and behavior were assessed using psychological and neuropsychological techniques. Neuropsychological testing (a modified A.R. Luria method) was applied for studying fine motor skills and visual perception. We also utilized CARS (Childhood Autism Rating Scale) to exclude autism and Wechsler Intelligence Scale for Children (WISC) \[[@r17]\] and Raven\'s Colored Progressive Matrices \[[@r18]\] to investigate cognitive abilities. Quantitative evaluation of intellectual abilities, performed *via* Raven\'s Colored Progressive Matrices, allowed us to assess the patient's IQ. The score appeared to be 44 which, according to ICD-10, corresponds to moderate mental retardation. Qualitative analysis of verbal subtests of Wechsler Intelligence Scale for Children showed an impairment of auditory-verbal memory, poor vocabulary and troubles in behavior modeling in social situations (Fig. **[2](#F2){ref-type="fig"}**). Neuropsychological tests revealed an impaired kinesthetic basis of movement, visuospatial deficits and impaired nominative functions. Difficulties in visual perception and information processing deficits (visual and the auditory type) were also detected using neuropsychological testing. CARS \[[@r19]\] allowed us to conclude the absence of autistic features in the patient. The girl's parents were informed about the results of the research (Table **[2](#T2){ref-type="table"}**) and given recommendations for consulting a psychologist, occupational therapist and a speech and language pathologist.

According to the available literature, only one case of submicroscopic duplication at similar loci of chromosome 4 was reported. This case represented a *de novo* microduplication of about 778 Kb in the chromosome region 4q21.22-q21.23, involving 11 genes lacking direct correspondence to the index case in terms of phenotypic outcome and molecular mechanisms \[[@r20]\]. Nevertheless, a deletion encompassing different genomic loci located at chromosome 4q21 resulted in molecular and clinical definitions of the 4q21 microdeletion syndrome \[[@r21]-[@r26]\]. Furthermore, a report on microtriplication at 4q21.21-q21.22 unremarkable in the light of present study due to significant phenotypic and molecular differences, has been recently published \[[@r27]\]. Original research presenting the first molecular definition of the 4q21 microdeletion syndrome described 9 children with this syndrome with various microdeletions encompassing different regions of the long arm of chromosome 4: 4q21.1q21.22, 4q21.1q21.23, 4q13.3q21.21, 4q21.21q22.3, 4q21.21q21.22, 4q13.3q21.23, 4q21.21q21.23 \[[@r21]\]. Several patients were found to display common phenotype (Table **[3](#T3){ref-type="table"}**). They presented with frontal bossing, broad forehead, hypertelorism, short philtrum, developmental delay or severe mental retardation, severely delayed speech, neonatal hypotonia and measurement abnormalities. Comparing these results with the present case, it is worth noting that the index patient matches most criteria selected by authors to describe their patients. It is obvious that the data on microdeletions improperly estimates clinical outcomes of microduplications. However, there were no articles found in available literature describing microduplications of exactly the same chromosome 4 regions. Finally, an analysis of phenotypic behaviors in a case of 4q21 microdeletion has shown the applicability of functional assessments in assessing and treating behaviors in known genetic/cytogenomic conditions \[[@r24]\] similar to our results.

CONCLUSION
==========

In a series of our previous analytical articles dedicated to molecular cytogenomics and its diagnostic applications \[[@r3], [@r28]-[@r31]\], it is shown that high-resolution molecular cytogenetic techniques do require a number of additional approaches and "add-ons" (*i.e.* somatic genetic and bioinformatics or neuropsychological methods), which are able to increase the diagnostic yield and provide an opportunity for therapeutic interventions \[[@r8], [@r10], [@r30]\]. This idea has been lately supported in cytogenomic analyses of somatic mosaicism and genomic instability leading to brain disorders including ID \[[@r31]-[@r33]\]. Furthermore, several studies have shown successful therapeutic interventions based on molecular cytogenetomic analysis complemented with advanced *in silico* molecular cytogenetic (bioinformatics) technologies and, in parts, with clinical and psychological analyses for proper genotype-phenotype correlations \[[@r10], [@r30], [@r34]\]. Accordingly, multidisciplinary approaches provide specialists with all available information for adequate evaluation and compensatory strategies. To this end, one can conclude current molecular cytogenetic/cytogenomic, bioinformatic and psychological methods to be highly required for the essential assessment of mental disorders caused by genomic pathology.
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###### 

Priotirization of candidate genes according to fenotipic features.

  **Genes**   **Function**                                                                      **The Highest Expression Rate Seen in**                                               **Suggested Phenotypic Features Caused by a Gene in the Index Case**
  ----------- --------------------------------------------------------------------------------- ------------------------------------------------------------------------------------- ---------------------------------------------------------------------------------------
  *SPARCL1*   Involved in the regulation of cell division and synaptogenesis.                   Prefrontal cortex.                                                                    Intellectual disability.
  *AFF1*      Involved in the development of the central nervous system.                        Prefrontal cortex.                                                                    Intellectual disability.
  *ENOPH1*    Involved in the metabolism of methionine and cysteine.                            Hypothalamus, amygdala, parietal lobes of the brain and fetal brain.                  Sex organs abnormalities.
  *DSPP*      Encodes two principal proteins of the dentin extracellular matrix of the tooth.   Heart.                                                                                Dentinogenesis imperfecta (gene is assosiated with dentinogenesis imperfecta type I).
  *SPP1*      Involved in bone remodeling; expressed in dentine.                                Amygdala, prefrontal cortex, spinal cord, hypothalamus, placenta and temporal lobe.   Dentinogenesis imperfecta.

###### 

Psychological methods, results and interpretation.

  --------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
  **Test**                                             **Results**                                                                                                                                         **Interpretation**
  ---------------------------------------------------- --------------------------------------------------------------------------------------------------------------------------------------------------- -----------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
  Raven\'s Colored Progressive Matrices                The total score is equal to 16, which corresponds to the 25 percentile for the patient's age group.                                                 The percentage of correct answers is 44% while rates for the 1^st^ and the 2^nd^ grade students is 65% - 100% correct answers. According to ICD-10, 44 points correspond to moderate mental retardation.

  CARS                                                 The total score is 23,5 points.                                                                                                                     It is concluded that the girl does not have autism.

  Wechsler Intelligence Scale for Children             We applied just the verbal subtests.\                                                                                                               The patient exhibited memory difficulties, reduced vocabulary, troubles in concentration and voluntary attention. Problems in verbal abstract reasoning and simulating (imitating) social behavior were also noted.
                                                       Total score: 15                                                                                                                                     

  Neuropsychological tests (a modified Luria method)   We used a set of tests targeted at the examination of visual function, motor function, spatial cognition, receptive speech and expressive speech.   Impaired kinesthetic basis of movement (motor functions), troubles in visual recognition (the girl was unable to name seen objects) and expressive speech, deficits in visual perception, information processing difficulties (visual and the auditory type) were detected.
  --------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

###### 

Clinical features of patients with microdeletions (according to analyses of selected cases) and microduplication encompassing 4q21 region.

  **\--**                                      **Present Case**           **Case 1 \[** [@r21] **\]**   **Case 2 \[** [@r21] **\]**   **Case 4 \[** [@r21] **\]**
  -------------------------------------------- -------------------------- ----------------------------- ----------------------------- -----------------------------
  Age (years)                                  8                          8                             13                            23
  Deletion/duplication                         Dup 4q21.2q21.3            Del 4q21.21q22.3              Del 4q21.21q21.23             Del 4q21.21q21.23
  Size (Mb)                                    9±1.5                      15.1                          6.3                           4.5
  **Facial features**                                                                                                                 
  a\) frontal bossing, broad forehead          \+                         \+                            \+                            \+
  b\) hypertelorism                            \+                         \-                            \+                            \+
  c\) short philtrum                           \+                         \+                            \-                            \+
  d\) low-set ears                             \-                         \+                            \+                            NA
  **Measurement abnormalities**                                                                                                       
  a\) birth weight                             3^rd^ centile              25^th^ centile                50^th^ to 75^th^ centile      \<10 centile
  b\) birth length                             10^th^ to 25^th^ centile   10^th^ to 25^th^ centile      10^th^ to 25^th^ centile      NA\*\*
  **Developmental delay/mental retardation**                                                                                          
  a\) Severely delayed speech                  \+                         \+                            \+                            \+
  b\) Neonatal hypotonia                       \-                         \+                            \+                            \+

\*\*NA -- not assessable.
